Eight large-scale reinforced concrete slab specimens were tested under combined thermal and mechanical load conditions. The specimens varied in the amount and orientation of the in-plane reinforcement provided. A three-phase loading regime was used to investigate thermal gradient effects at service and ultimate load conditions. The slabs experienced significant levels of stressing and cracking as a result of restrained thermal deformations. However, reductions in stiffness due to cracking and thermal creep caused rapid decays in the restraint forces developed. At ultimate load conditions, thermal load effects were minimal. Nonlinear finite element analysis procedures were used to investigate the theoretical response of the test slabs. Fairly accurate simulations of the specimens' behaviour were obtained. Important to achieving accurate results were the consideration of tension stiffening effects and out-of-plane shear behaviour.
Introduction
Reinforced concrete structures are commonly exposed to thermal loads as the result of the design function of the structure, ambient conditions, heat of hydration, or exposure to fire. Thermal loads can give rise to significant levels of stress, distortion, and damage as a consequence of nonlinear temperature and strain profiles (producing "primary" thermal stresses), and restrained structural deformation (producing "secondary" or "continuity" thermal stresses) (Priestley 1981) . Typically, the latter type of stress is of greater magnitude and more concern. Types of structures often exposed to thermal loads include nuclear containment structures, offshore structures, and bridges.
Extensive research has been conducted in regards to thermal stress effects in concrete frame-type structures (e.g., Priestley 1981; ACI Committee 435 1985; Vecchio and Sato 1990) . The behaviour and design of such structures, for load conditions including thermal loads, is thus fairly well understood. Analysis procedures developed to model the behaviour of thermally loaded frames have been shown to provide reasonably accurate results (e.g., Thurston et al. 1980; Vecchio 1987) .
Considerably less work has been undertaken with regards to the analysis and design of concrete shell-type structures under thermal loading conditions. The design recommendations made by ACI Committee 349 (1980) are cursory and do not accurately represent behaviour. The analysis procedures available, typically in the form of finite element NOTE: Written discussion of this paper is welcomed and will be received by the Editor until February 28, 1994 (address inside front cover).
PrinLed in Canada / Imprime au Canada methods, often do not adequately represent post-cracking concrete tensile stress effects, which are critical to the analysis of any deformation-controlled load effect.
A two-part experimental program was undertaken to investigate thermal load effects in shell-type structures. The first phase of the research program involved simple slab specimens subjected to various combinations of thermal and mechanical loads. The second phase was to involve more complex rectangular and cylindrical type structures subjected to internal heating. Concurrent work was undertaken to develop corresponding nonlinear finite element analysis capabilities; details regarding the formulations developed are presented elsewhere (Polak and Vecchio 1993) . The results of the test program were to be used to corroborate the analysis procedure.
This paper represents the details and results of the first phase of the experimental program. As well, the ability of the nonlinear finite element procedures to accurately represent behaviour is examined.
Specimen details
The test slabs were 2800 mm square with a thickness of 150 mm. Two layers of in-plane reinforcement were provided in each of two orthogonal directions. The slabs were designed to be simply supported at the corners and subjected to concentrated mechanical loads applied at the centre. Accordingly, bearing plates at the corners and an anchorage plate at the centre were provided. In these regions, out-of-plane reinforcement was used to increase the slabs' shear resistance. Details of the specimen construction are given in Fig. 1 The pattern and the amount of in-plane reinforcement provided were the main test variables. In one set of specimens, the percentages of reinforcement in the strong and weak directions were kept constant at 1.50% and 0.75%, respectively, while reinforcement orientation with respect to the slab sides was varied between 0" and 45". In a second set of specimens, the reinforcement orientation was kept constant at 0" while the percentages of reinforcement were varied. The reinforcement details are also shown in Fig. 1 .
The concrete used to construct the slabs was ready-mixed, specified at 30 MPa strength with 10 mm crushed limestone aggregate and 70 mm slump. The mechanical properties of the concrete, at the time of testing (typically, 4-6 months after casting), were determined from standard cylinders and prisms. The results are tabulated in Table 20 . (Note: The coefficients of thermal expansion were determined from dried, sealed prisms.) A typical compressive stress-strain response curve for the concrete is given in Fig. 20 .
The in-plane reinforcement used consisted of No. 15M and (or) No. 20M deformed bars; No. 10M bars were used for shear reinforcement. The mechanical properties determined from coupons are given in Table 26 . TypicaI stressstrain curves are shown in Fig. 2b .
The test slabs were extensively instrumented. Strain gauges were applied to the reinforcement in several locations on each face and in each direction. T-type thermocouples were applied at all strain gauge locations (for temperature corrections), and at regular intervals along the top and bottom surfaces of the slabs. As well, for determining nonlinear temperature profiles through the slab thickness, prisms containing thermocouples at a 20 mm spacing were placed through the thickness at two locations. Slab deflections were monitored with LVDTs placed beneath the slab, and load cells were placed at the four corner supports. All instruments were continuously monitored using computer-controlled data acquisition systems.
Loading conditions
The test specimens were subjected to three separate loading regimes, involving combinations of thermal and mechanical loads. Thermal loads were applied to the top surfaces of the test slabs through the use of a heating chamber. The heating chamber consisted of 1 1 flexible silicone bladders contained within an insulated shell (see Fig. 3 ). The bladders were supported by hanger assemblies which allowed them to remain in contact with the top surface of the slab as it underwent deformations. Water heated in a 1000 L remote reservoir, using two 30 kW immersed heaters, was continually circulated through the bladders. Individual flow valves on each bladder, and precise temperature controls on the heater, permitted fairly uniform heating of the slab surface. The heating chamber covered the entire top surface area of the slab except for a 150 mm wide band around the perimeter. Large fans positioned around the test specimens were effective in keeping the bottom surfaces at close to room temperature. Hence, the "thermal gradient" loads applied refer to the differences between the top and bottom surface temperatures.
Mechanical loads were applied using a 1000 kN capacity servo-controlled actuator. The actuator attached to the anchor plate at the centre of the bottom surface of the slab, and was connected at the other end to the laboratory strongfloor. The test setup is illustrated in Fig. 3 .
The first phase of testing involved applying thermal loads to the unrestrained slabs (i.e., the actuator at the centre was not attached). The objectives were to investigate transient thermal gradient (i.e., nonlinear temperature profile) and primary thermal stress effects. As well, for analysis corroboration purposes, the magnitude of slab deflection for a given level of thermal gradient was required. The thermal loading consisted of a top surface temperature increase of about 40°C, maintained for a period of 6 hours. It was anticipated E" a, that the test specimens would sustain little or no damage (i.e., cracking) as a result of this test. The second phase of testing called for the thermal loads to be applied to the restrained specimens. The actuator was attached to the anchor plate at the slab centre, and operated in displacement control mode maintaining zero displacement at the centre. The thermal load applied was the same as that in phase I, and was maintained for 24 hours. The restrained thermal deformation of the slabs, resulting from the thermal gradients imposed, would give rise to the development of significant levels of internal force. These, in turn, would cause significant stressing of the concrete and reinforcement. The objective was to monitor the restraint forces developed, their dependence on reinforcement detailing, and their dissipation due to short-term thermal creep.
Under the third phase of loading, the actuator was used to apply an active mechanical load to the slabs at the same time as a steady state thermal gradient was acting. The mechanical load was monotonically increased until the ultimate capacity of the slab was achieved. The purpose was to obtain corroborative information for analyzing the restrained test results, to determine the influence of thermal gradients at high stress levels, and to obtain data for corroborating the finite element analysis program.
Results of free thermal load tests
The phase I testing was performed on only three of the test slabs: specimens TS4, TS5, and TS9. Theoretically, the slab deflections would be the same for all the test specimens, for a given thermal gradient, regardless of the reinforcement percentages or bar orientations. Typical of the loading conditions and specimen response observed during the phase I testing are those associated with specimen TS5 (see Fig. 4 ). As the thermal load was applied, the top surface temperature of the slab increased by about 35°C while the bottom surface temperature increased by about 4°C. The effective thermal gradient attained was 30°C, with steady state conditions achieved about 6 hours after loading commenced. At steady state, the temperatures measured through the thickness of the slab showed the thermal gradient to be essentially linear.
The upward deflections measured at the centre of the slabs, for each of the three specimens tested, are given in Table 3 . Note that the effective thermal gradients imposed, and the concrete's coefficient of thermal expansion, were essentially the same for all three specimens. The deflections measured in the three specimens showed some variation (+ lo%), however. (The largest deflections occurred in specimen TS9, which was the most lightly reinforced.) The deflections increased rapidly shortly after the application of thermal load, and were at essentially stable values after 4 hours (e.g., see Fig. 46 ).
The theoretical deflection of the slabs can be computed from the formula -
(2500 mm), AT is the thermal gradient, and a, is the coefficient of expansion of the concrete. Use of this formula presumes that the entire top surfaces of the slabs are heated, and that the reinforcement has the same coefficient of thermal expansion as the concrete. As seen in Table 3 , the measured deflections were significantly less than the corresponding theoretical values. The influence of the 150 mm wide unheated band around the perimeter of the specimens is thought to be in part responsible for the differences. As well, a ,~ TI^ skin effects at the top and bottom surfaces are thought to
[l] A, = -4h partially negate the effective thermal load being applied. The slabs were unrestrained and therefore not subjected where h is the slab thickness (150 mm), I is the slab span to any external forces or reactions. Self-equilibrating inter- 
nal stresses would have developed, however, due to nonlinear thermal gradients and due to differences in coefficients of thermal expansion between the concrete and the reinforcement. Shown in Fig. 4c are the stresses developed in the reinforcement in slab TS5. Here, and with the other specimens, the stresses were relatively small and insignificant. Given the low values, the measured stresses were susceptible to errors due to inaccurate temperature correction and due to drift. In no specimen were cracks seen to develop as a result of the phase I loading.
Results of restrained thermal load tests ~ ~~~
In the phase I1 tests, the slabs were subjected to thermal loads while restrained from upwards deflections at the centre. The restraint was provided by a servo-controlled actuator, acting in displacement control mode, set to maintain zero displacement. This resulted in the development of significant levels of restraint force and, consequently, stressing and cracking of the slabs.
In general, the restraint forces were observed to develop rapidly with the application of thermal load. The restraint forces typically peaked at about 1.2-1.6 hours after the onset of loading, with the effective thermal gradient at the time being around 26-28°C. At about this point in time, the slabs typically began to experience cracking on the underside towards the centre. With the emergence of cracks, the restraint forces showed a tendency to drop abruptly or to level off and then begin to diminish. Thereafter, although the effective thermal gradient continued to increase gradually and ultimately achieved a level of about 3S°C, the restraint forces were unable to re-attain the ~e a k values. The resDonse of slab TS8, shown in Fig. 5 , is representative of the behaviour observed; the results for all specimens are listed in Table 4 . Thus, the initial cracking caused a loss in slab stiffness which, under the deformation-controlled loading condition imposed, resulted in an immediate and substantial relaxation in the restraint forces. At the relatively low levels of thermal load imposed, the peak forces attained appeared dictated primarily by the concrete tensile strength and not by the reinforcement. There was no discernable relation between the peak restraint forces and the pattern or orientation of the reinforcement.
The thermal loads were maintained for periods of 24 hours, with the effective thermal gradients essentially stable and constant from about 6 hours after application onward. However, the restraint forces tended to diminish with time. The majority of the relaxation occurred within the first 3 hours of testing. After 24 hours, the total losses ranged from 34% to 100% (see Table 4 ). The degree of force relaxation observed among the specimens did not appear to be strongly influenced by the amount or orientation of the reinforcement present.
Although the restraint forces tended to show considerable relaxation, this was not the case with the reinforcement stresses measured. Typically, the rebar stresses rose more gradually than did the restraint forces, and reached maximum values after 12-24 hours. The longitudinal and transverse reinforcement on the bottom face developed tensile stresses up to 60 MPa. Stresses in the top face reinforcement varied between compressive and tensile, in some cases reversing sign midway through the test, but typically low in magnitude. The rebar stresses measured in specimen TS8 are shown in Fig. 5c .
First cracking of the specimens was noted typically about 1.0 hour after load application, at a thermal gradient of about 20-26°C. The first cracks tended to develop parallel to the strong reinforcement direction, on the underside near the centre of the slab. In those specimens more lightly reinforced in one direction, the cracks perpendicular to the weak reinforcement direction were typically slightly more prominent. As the tests progressed, existing cracks propagated and new cracks formed, even though the restraint forces had diminish and were continuing to diminish. The crack patterns and crack widths tended to stabilize after about 12 hours. The final crack widths varied between 0.05 and 0.20 mm, with the majority being about 0.05-0.10 mm in width.
Results of pull-down tests
In phase 111 testing, a uniform thermal load was maintained on the test slabs while a downward mechanical load was applied at the centre of the specimen by use of the actuator. An effective thermal gradient of about 36°C was present throughout the test. The mechanical load was monotonically increased until the ultimate load capacity of the slab was reached.
The load-deformation response of the slabs typically showed a gradually-softening nonlinear behaviour. Because the specimens had sustained cracking during phase I1 testing, there was no sharp transition between pre-cracking and postcracking stiffness. As load increased, however, the propagating cracks resulted in progressively lower stiffness. The slabs' ultimate capacity was typically achieved at deflections of about h/2 (75 mm). The response of slabs is summarized in Fig. 6 and Table 5 . The ultimate load capacities of the slabs showed considerable variation, and were obviously dictated by the percentage of reinforcement provided. In all cases except TS2, yielding of the bottom reinforcement was ~revalent at ultimate load. In the slabs more lightly reinforced in one direction (e.g., TS8 and TS9), yielding was limited to the bottom transverse reinforcement only. In the more uniformly reinforced slabs (e.g., TS6 and TS7), yielding was also experienced in the bottom longitudinal reinforcement. With slab TS2, the ultimate condition was imminent but the test was terminated prematurely due to stability problems at the supports. Interestingly, with specimens TS2 to TS5, where the amounts of reinforcement were similar but the orientations differed, significant differences in ultimate capacity were observed. The highest capacities were achieved when the reinforcement was placed at either 0" or 45" to the slab sides (see Fig. 60 ).
The failure modes at ultimate ranged from sheardominant to flexure-dominant mechanisms. In all but the most lightly reinforced slabs (i.e., TS8 and TS9), failure was accompanied by crushing of the concrete on the top surface. In slabs TS4 and TS5, both with skew direction reinforcement, a shear failure occurred near one of the supports. Slab TS3, having slightly skewed reinforcement, experienced flexural-shear failure midway along one of the sides. The others experienced predominantly flexural type failures.
In all slabs, the crack patterns in the centre regions tended to follow the reinforcement in terms of crack orientation and crack spacing. In the corner regions, some radial cracking was observed, beginning at load levels of about 150-200 kN. Near ultimate load, regardless of the reinforcement orientation, cracks propagated out from the centre plate towards the four corner supports. At ultimate load, crack widths were as much as 10.0 mm.
Apart from causing a degradation in stiffness due to the previous development of internal and external cracks, the thermal load was perceived to have little influence on the slab's behaviour during this phase of testing. There was no evidence to indicate that the ultimate capacities or failure modes were influenced in any way. Finite element analysis program was specially developed for the analysis of reinThe test slabs were modelled using the nonlinear finite forced concrete shells subjected to thermal and mechanical element program APECS (Polak and Vecchio 1993) . The loads. A three-dimensional degenerate isoparametric quad- rilateral element was developed and implemented in a secant stiffness analysis algorithm. The formulation is based on a smeared, rotating crack model for reinforced concrete, treating the concrete as an orthotropic nonlinear elastic material. The material models incorporated were those presented in the modified compression field theory (Vecchio and Collins 1986) . Included were constitutive models for cracked concrete in compression, reflecting compression softening effects, and for cracked concrete in tension, representing tension stiffening effects. The element meshes used to model the test slabs are shown in Fig. 7 . A quarter-model, using 36 elements, was used to represent the specimens in which the in-plane reinforcement was oriented parallel to the slab side (Fig. 7a) . The slabs containing skew-direction reinforcement was modelled in their entirety using 144 elements (Fig. 7b) . The large number of elements used was required to properly capture the stress variations at the supports and load-application point. Longitudinal and transverse reinforcement were modelled as smeared, consistent with the reinforcement locations and amounts present in the test slabs. Out-of-plane reinforcement was also included in the modelling; appropriate percentages of shear reinforcement were specified for the slabs' corner and centre region elements, again consistent with that relaxation due to thermal creep effects. Compared in Table 6 are the predicted and observed restraint forces corresponding to the phase I1 thermal loads. The predicted forces are seen to be significantly greater than those measured. The influence of short-term thermal creep, which was considerable as evidenced by the large relaxations observed during the tests, is thought to be the primary reason for the disparity. The nature of the influence is illustrated in Fig. 8 ; (Pr,ax)the,, would be the restraint force obtained from the finite element analysis, and (Pr,a,)ex, would be the corresponding experimental value. As well, existing shrinkage cracks in some specimens, and possible internal cracking due to the phase I testing, may have contributed to the lower experimental stiffnesses.
The phase I11 tests were simulated by applying a load at the centre of the slabs and increasing the load until ultimate load capacity was reached. The program did not have capabilities for determining post-ultimate behaviour. Compared in Fig. 9 are the predicted load-deformation responses against the observed behaviours, for each of the test specimens. The predicted responses are seen to have initially higher stiffnesses than observed in the test specimens. This is largely due to the fact that the slabs were extensively pre-cracked as a result of the restrained (phase 11) tests conducted beforehand. This initial cracked state was not taken into account in the phase I11 test modelling. However, it can be seen that the post-cracking stiffness and ductility near ultimate load show good agreement.
The ultimate load capacities predicted by the analyses correlated reasonably well with the test results (see Table 6 ). For the 8 specimens, the ratio of the experimental to predicted load capacity had a mean of 0.98 and a coefficient of variation of 2.1 %.
The finite element analyses predicted failure modes involving yielding of the longitudinal and transverse reinforcement in slabs TS4 to TS9, yielding of the transverse reinforcement only in slabs TS9, and shear failure in slabs TS3 to TS5. Concrete crushing on the top surface near the midspan, and along the shear failure planes, accompanied the yielding. In most cases, the predicted failure modes corresponded well with those observed.
Shown in Fig. 10 is a comparison of the computed and measured rebar stresses for slab TS3. The good correlations indicated are representative of those obtained for all specimens.
Conclusions An experimental program was undertaken to study thermal loading effects in reinforced concrete shell structures. Eight large-scale reinforced concrete slabs were constructed and tested. The specimens differed in the amount and orientation of reinforcement provided. The three-phase loading regime used involved combinations of thermal and mechanical loads. The thermal load conditions considered were low level ( -A T = 40°C), typical of the magnitude encountered by some structures under service conditions.
It was observed that the specimens, when restrained against free thermal deformation, developed significant levels of internal force. As a result, the structures sustained extensive stressing and cracking. The restraint forces were seen to develop quickly, reaching peak values well before the acting thermal gradient attained maximum or steady state conditions. After first cracking occurred, however, the resulting losses in stiffness caused immediate relaxations in force. Thermal creep effects also resulted in substantial losses in thermal-induced force, with decays in force of about 40% in as little time as 24 hours. At ultimate conditions, the thermal loads were seen to have little influence on the capacity or failure mode of the structure.
Nonlinear finite element analyses were shown to provide fairly accurate modelling of the load-deformation responses, stresses, and failure modes of the specimens. However, critical to the analyses was the inclusion of a constitutive model for concrete post-cracking tensile stresses (i.e., tension stiffening effects). Without the use of such a model the postcracking restraint forces were found to be significantly underestimated. Also important in modelling the specimen's behaviour was the consideration of out-of-plane shear behaviour. The analyses for thermal load would likely be much improved, however, if provisions could be made for considering short-term thermal creep.
